Introduction {#S5}
============

Body mass index (BMI) and waist circumference (WC) are quantitative traits characterized by multifactorial etiology, relevance to disease risk, and high heritability ([@R1]). However, known genetic polymorphisms explain only a modest fraction of inherited variation in both obesity-related traits ([@R2]). Emerging evidence suggests that epigenetic changes play a key role in both heritable and environmental influences on obesity ([@R3]). Consistent with that paradigm, recent studies identified DNA methylation patterns in several biologically relevant regions as important correlates of BMI ([@R4], [@R5], [@R6]).

Epigenetic processes such as DNA methylation underlie the gene-environment interactions in complex traits by changing gene expression ([@R7]). This relationship between DNA methylation and gene expression is further complicated by DNA sequence variation, which contributes to both processes through expression- (eQTL) and methylation quantitative trait loci (meQTL). In the pathogenesis of obesity, changes in DNA methylation may represent both the cause and the consequence, acting through inflammation, oxidative stress, hypoxia, or other biological pathways ([@R4], [@R8], [@R9]). Beyond changes in mean DNA methylation levels, obesity is also associated with increased variance in DNA methylation, possibly reflecting adaptation to changing environmental conditions ([@R5]).

Because most population studies to date have pursued the candidate gene approach, many potentially novel associations between DNA methylation patterns and obesity remain unexplored. Large-scale studies with well-characterized methylome data are poised to fill this gap. To that end, we quantified methylation levels at \~470,000 cytosine-phosphate-guanine (CpG) sites in CD4+ T-cells from 991 participants of the Genetics of Lipid Lowering Drugs and Diet Network (GOLDN) study (<https://dsgweb.wustl.edu/goldn/>). Our choice of cell type was informed by evidence of association between obesity-related immune dysfunction and DNA methylation ([@R6]) as well as relative abundance of CD4+ T-cells. Subsequently, we performed an epigenome-wide association study of BMI and WC and replicated several of our top findings in blood leukocyte samples from the Framingham Heart Study (FHS) and the Atherosclerosis Risk in Communities (ARIC) study.

Methods {#S6}
=======

Study subjects {#S7}
--------------

The design of the family-based GOLDN study is described in detail in prior publications ([@R10]). Briefly, we recruited families with at least two siblings from the participants of the National Heart, Lung, and Blood Institute Family Heart Study at the genetically homogeneous sites of Minneapolis and Salt Lake City. All participants (n=1327) self-identified as European Americans. The goal of the trial was to identify genetic and epigenetic factors that mediated response to acute lipid-raising (i.e. postprandial lipemia challenge) or lipid-lowering (3 week fenofibrate therapy) interventions. Before each study visit, participants abstained from eating for at least 8 hours, drinking alcohol for 24 hours, and using lipid-lowering medications for 4 weeks. We collected DNA samples and BMI/WC measurements for this epigenome-wide study at the baseline visit. The descriptions of the FHS and ARIC populations, as well as other methods pertaining to replication analyses, are summarized in [Supporting Information](#SD1){ref-type="supplementary-material"}. GOLDN, FHS, and ARIC study protocols were approved by Institutional Review Boards at each participating university and all participants provided written informed consent.

Measurement of obesity traits and covariates {#S8}
--------------------------------------------

On the day of anthropometric data collection, GOLDN participants wore light clothes and no shoes. Weight was measured by a beam balance and height was ascertained by a stadiometer. BMI was calculated as weight in kilograms divided by height in meters squared. WC was measured over the unclothed abdomen at the umbilicus at the end of a normal expiration ([@R11]). Smoking (current vs. not) and demographic covariates were self-reported via questionnaire.

DNA isolation and bisulfite conversion {#S9}
--------------------------------------

In the GOLDN study, DNA was isolated from CD4+ T-cells harvested from frozen buffy coat samples from peripheral blood using positive selection by antigen-specific magnetic beads (Invitrogen, Carlsbad, CA, USA). We chose CD4+ T-cells for reasons of both biological plausibility, as many metabolism-related genes are expressed in immune cells ([@R12]), as well as logistics, as they are the most abundant lymphocyte in humans. We lysed cells captured on the beads and extracted DNA using DNeasy kits (Qiagen, Venlo, Netherlands). Bisulfite conversion was performed on 500 ng of genomic DNA using the EZ DNA Methylation Kit (Zymo Research, Irvine, CA, USA) prior to quantifying epigenome-wide methylation ([@R13]).

Epigenome-wide association study {#S10}
--------------------------------

All three studies used the Infinium Human Methylation450 array (Illumina, San Diego, CA) to quantify genome-wide DNA methylation. The GOLDN analysis is described in extensive detail in a manuscript from our group ([@R13]). After the standard steps of whole genome amplification, hybridization, and imaging, GOLDN, ARIC, and FHS investigators used Illumina GenomeStudio software to estimate β scores, defined as the proportion of total signal from the methylation-specific probe or color channel, and detection P-values, defined as the probability that the total intensity for a given probe falls within the background signal intensity.

Normalization and quality control {#S11}
---------------------------------

During the quality control stage in GOLDN, we removed any β scores with an associated detection P-value greater than 0.01 and samples with more than 1.5% missing data points, as well as CpGs where the probe sequence mapped either to a location that did not match the annotation file, or to more than one locus ([@R13]). Additionally, we excluded any CpG probes where more than 10% of samples failed to yield adequate intensity. A total of 991 samples and 461,281 CpGs were used in the analysis. The resulting β scores were normalized using the ComBat package (<http://www.bu.edu/jlab/wp-assets/ComBat/Download.html>) for R software ([@R14]). A detailed published description of our normalization methods and the performance of ComBat is available ([@R13]). Briefly, we performed the normalization on random subsets of 20,000 CpGs per run, with each array of 12 samples used as a "batch,"adjusting for both plate and position on the plate. We separately normalized probes from the Infinium I and II chemistries and subsequently adjusted the β scores for Infinium II probes as described earlier ([@R13]). To adjust for cell purity, we generated principal components (PCs) based on the β scores of all autosomal CpGs that passed quality control. Additionally, we estimated predicted CD4+ T-cell purity using a linear model based deconvolution method derived from the methods described by Abbas et al. ([@R15]) and Houseman et al ([@R16]). To estimate the percentage of CD4+ T-cells versus other cells in each sample, we used a reference data set of CD4+ T-cells and granulocytes extracted from fresh blood sample. Predicted CD4+ T-cell purity (%) was robustly associated with the first PC (r^2^=0.85) but not other PCs ([@R17]).

Statistical analysis {#S12}
--------------------

In the GOLDN study, we modeled associations between methylation scores at each CpG site and obesity traits using linear mixed models, adjusted for age, sex, study site, current smoking, the first 4 CD4+ T-cell purity PCs, and pedigree as a random effect using the *lmekin* function of the *kinship* package (<http://cran.r-project.org/src/contrib/Archive/kinship/>) in R ([@R18]). Previously, we tested genetic ancestry as a potential confounder and did not find associations with the outcome, likely due to the homogeneity of our study population. We implemented a stringent Bonferroni correction to address the multiple testing problem, setting the statistical significance level at 0.05/470,000= 1.1×10^−7^. We constructed a Manhattan plot to visualize the results.

CpG sites that reached a P-value \< 1.0 ×10^−7^ (8 for BMI and 5 for WC) were tested in the replication stage. Consequently, the Bonferroni-corrected P-value in the replication stage was 0.006 for BMI and 0.01 for WC. BMI replication analyses were performed in both FHS and ARIC, while WC data were only available in ARIC. Further details on statistical methods in the replication stage are available in [Supporting Information](#SD1){ref-type="supplementary-material"}. We meta-analyzed P-values from GOLDN, 2 batches of FHS, and ARIC. Because of the different magnitude of effects between FHS and the other two cohorts at the *CPT1A* locus, the meta-analysis P-value calculation for cg00574958 used the Chernoff bound of the chi-squared cumulative distribution function. At all other loci, we calculated the summary P-values exactly.

Results {#S13}
=======

[Table 1](#T1){ref-type="table"} summarizes the general characteristics of the GOLDN, FHS, and ARIC populations. Approximately half of GOLDN participants were recruited at each of the Minnesota and Salt Lake City study sites, while 93% of the ARIC cohort came from the Mississippi site, with only 7% recruited at the North Carolina Site; all FHS participants were recruited in Framingham, Massachusetts. The discovery and replication cohorts differ most strikingly on the selection of samples for methylation analysis, with the former restricted to CD4+ T-cells and the latter both using whole blood. FHS participants were considerably older than either GOLDN or ARIC participants. With the exception of the sex distribution, the two FHS laboratory batches were demographically and anthropometrically similar. The main distinction between GOLDN/FHS and ARIC is the racial composition of the cohorts; while GOLDN and FHS are entirely comprised of European Americans, the methylation data in ARIC was only available on African Americans. Compared to GOLDN, ARIC participants were on average older, more likely to be female, and more likely to report current smoking. The mean values for BMI and WC in all three cohorts slightly exceeded the clinical guidelines for healthy weight ([@R19], [@R20]).

Using the Bonferroni-corrected statistical significance level of 1.1×10^−7^, we identified eight loci where methylation status was associated with BMI ([Table 2](#T2){ref-type="table"}, [Figure 1](#F1){ref-type="fig"}) and five loci for WC ([Table 3](#T3){ref-type="table"}, [Figure 2](#F2){ref-type="fig"}). In the MI case-control batch from FHS, we successfully replicated significant associations with four out of the 8 BMI loci, located in *CPT1A, PHGDH, CD38*, and a site on chromosome 10 located in the promoter of a long non-coding intergenic RNA (lincRNA). Of those, associations with CpG sites in *CPT1A* and *PHGDH* also replicated in the larger FHS random sample. In ARIC, we replicated associations between BMI with CpG sites in *CPT1A* and *CD38*, as well as the association of WC with the CpG site in the lincRNA on chromosome 10. The directions of the associations were also confirmed: at a CpG site in the first intron of *CPT1A*, the β score was inversely associated with BMI and WC, while the methylation status of a CpG site adjacent to the transcriptional start site of *CD38* was positively associated with both phenotypes in all three studies. The replicated association between the methylation status of the lincRNA CpG site and obesity traits was also uniformly positive.

Using information provided by the Illumina array manufacturer, we functionally annotated the top hits and found that four of them (cg26164488, cg07504977, cg26140475, and cg25349939) represent enhancer elements (bioinformatically determined), one (cg14476101) is located within a reprogramming-specific differentially methylated region, and one (cg26140475) is located within a general differentially methylated region. The cg26140475 hit is also located at a DNAse hypersensitive site. Finally, Illumina has bioinformatically determined that the hits in *CD38, AHRR*, and the intergenic region on chromosome 16 are implicated in promoter activity.

Discussion {#S14}
==========

Our study contributes to the growing body of evidence in support of epigenetic correlates of complex disease phenotypes. Specifically, we have discovered associations between DNA methylation measured in immune cells at several CpG sites and two obesity-related traits, BMI and WC, in a cohort of 991 healthy adults of European American descent. The top associations were replicated in whole blood samples taken from two independent study samples including both European Americans and African Americans, indicating the robustness of our findings.

The biological significance of the *CPT1A* locus is hard to overstate. Using data from GOLDN and FHS, we recently identified a CpG site in *CPT1A* as an important epigenetic determinant of fasting triglyceride and very low-density lipoprotein cholesterol levels ([@R17]). Interestingly, the observed associations with BMI and WC did not persist upon adjustment for triglycerides (data not shown). *CPT1A* encodes carnitine palmitoyltransferase 1A, the rate-limiting enzyme for mitochondrial fatty acid oxidation. Public databases show that *CPT1A* is expressed in CD4+ T-cells ([@R21]) and is implicated in several metabolic processes. Prior studies have linked genetic variation in *CPT1A* and indices of obesity. For example, a large-scale candidate gene study found that the L479 allele is associated with reduced adiposity in Yup\'ik individuals ([@R22]). Another population-based study conducted in French Canadians found that *CPT1A* genotype modified the association between dietary fat intake and adiposity variables (BMI, weight, and WC) ([@R23]). In light of these studies and the well-established connection between sequence variation and epigenetic changes ([@R24]), we have previously conducted a genome-wide study to search for *CPT1A* methylation quantitative trait loci; however, no evidence of the latter was found ([@R17]).

The Infinium Human Methylation450 array measurement of *CPT1A* methylation in GOLDN was validated using bisulfite sequencing and found to be inversely correlated with *CPT1A* expression in buffy coats ([@R17]). Based on previously published reports and our findings, the following paradigm emerges: higher methylation status of *CPT1A* results in decreased expression of the gene, which in turn is negatively correlated with BMI and WC. Because this is a cross-sectional study, we cannot infer temporality or causality; future studies should consider repeated measurement analysis to establish temporality of the association. Additionally, as dietary factors such as intake of long-chain monounsaturated fatty acids have also been shown to regulate *CPT1A* expression ([@R25]) as well as DNA methylation patterns ([@R26]), future investigations would benefit from incorporating dietary information to provide further insight into these findings.

The second CpG methylation locus that achieved epigenome-wide significance and was replicated in ARIC (as well as in the case-control study from FHS) is located 289 bp upstream of the transcription start site of *CD38*, an immunologically relevant gene expressed in CD4+ T-cells. It falls in the upstream shore of a CpG island, has a strong polymerase II (Pol II) ChIP-seq signal and a minor peak of the histone mark H3K27Ac in immune cells, and is differentially methylated by cell type ([Figure 3](#F3){ref-type="fig"}). These bioinformatics data likely indicate that methylation at this locus is trailing Pol II activity and may be correlated with *CD38* expression in CD4+ T-cells. Several lines of evidence link the gene product of *CD38* with metabolic traits. First, CD38-knockout mice are resistant to developing diet-induced obesity, liver steatosis, and glucose intolerance via a mechanism that involves an increase in intracellular NAD(+) levels and decreased protein acetylation through sirtuin activation ([@R27], [@R28]). In human macrophages and adipocytes, quercetin, which is a CD38 inhibitor, attenuates inflammation and insulin resistance ([@R29]). In our study, we observed a positive relationship between *CD38* methylation and adiposity traits. Because we did not measure *CD38* RNA directly, we cannot fully describe the mechanisms linking changes in DNA methylation and adiposity traits, especially in light of recent evidence suggesting that DNA methylation may be correlated with both positive and negative changes in gene expression ([@R24]). Because of the immunologic relevance of *CD38*, it is likely that the difference between the magnitude of estimates in the discovery and replication cohorts (as well as non-replication in the random sample from FHS) is due to using CD4+ T-cells vs. whole blood samples, in which differential immune cell composition could dilute the association. Our findings emphasize the relevance of *CD38* to human metabolic traits and may lay the groundwork for understanding the epigenetic mechanisms of emerging therapies for obesity and inflammation.

Another promising finding emerged from an intergenic region on chromosome 10. The cg07504977 locus is located on the north shelf of a CpG island and maps to the promoter of a lincRNA, LINC00263 ([Figure 4](#F4){ref-type="fig"}). The methylation status of this locus is positively associated with BMI in both GOLDN and FHS (although not in ARIC), as well as with WC in both GOLDN and ARIC. Although the specific function of LINC00263 is unknown, evidence points to the functional importance of long non-coding RNAs in adipogenesis ([@R30]) and obesity-related syndromes ([@R31]). In particular, a recent study demonstrated that 10% of all transcriptionally active regions in mature adipocytes map to chromosome 10, with many of those regions clustering proximally to LINC00263 ([@R32]). As shown in [Figure 4](#F4){ref-type="fig"}, that region also contains H3K27Ac marks, providing further evidence for its regulatory relevance.

We identified robust associations between the methylation status of a CpG locus in *PHGDH* and BMI in samples from GOLDN and FHS, but not ARIC. *PHGDH* encodes the phosphoglycerate dehydrogenase enzyme, which catalyzes the first step in the phosphorylation pathway of serine biosynthesis. Previously, the methylation of the same locus has been linked to blood concentrations of 4-androsten-3beta,17beta-diol, a steroid hormone upregulated in obesity ([@R33], [@R34]). The metabolic implications of *PHGDH* are further underscored by evidence of its overexpression in approximately 70% of estrogen receptor-negative breast cancers, as it drives metabolic changes leading to rapid cellular growth ([@R35]). While the effects of phosphoglycerate dehydrogenase on oncogenesis are well-characterized, our findings warrant further examination of this enzyme in other metabolic and obesity-related phenotypes. Interestingly, the *PHGDH* locus and the LINC00263 locus described above replicated in FHS but not ARIC; the reasons for non-replication could include demographic variability, differences in covariate adjustment, and chance. Moreover, many environmental differences between the European Americans in FHS and GOLDN and the African Americans in ARIC accumulate across the entire life course and even across generations, starting with pregnancy and affecting both DNA methylation and fat accumulation from the early years ([@R36]).

Interestingly, we did not observe statistically significant associations between BMI and the methylation status of three sites in *HIF3A*, which was recently identified and validated as a novel epigenetic obesity determinant in a genome-wide analysis ([@R4]). Specifically, in the analysis of the GOLDN data the P-values for β scores at cg22891070, cg27146050, and cg16672562 were 0.13, 0.35, and 0.16 respectively. Differences could be due to cohort makeup (healthy individuals in GOLDN vs. both healthy blood donors and MI patients in the Cardiogenics Consortium or venous thrombosis patients in one of the two replication cohorts), choice of tissue (CD4+ T-cells vs. whole blood samples), or chance. Although findings in our study as well as in Cardiogenics were independently replicated, these discrepancies highlight the need for future functional studies as follow-up to large-scale methylation assays.

Our study documents novel associations between CD4+ T-cell DNA methylation in several biologically plausible genomic regions and human obesity traits, i.e. BMI and WC. The associations with the *CPT1A* locus were robust in all replication analyses despite the differences in sample collection types (isolated CD4+ T-cells in GOLDN vs. whole blood in FHS and ARIC) and racial composition. The sample size, high resolution of epigenetic phenotyping, and successful replication represent distinguishing strengths of our study. However, the results presented here need to be interpreted in light of several potential limitations. First, because DNA methylation can both precede phenotypic changes as well as result from environmental influences such as obesity ([@R37]), follow-up analyses of repeated measurements are required to further causal understanding of the observed associations. Second, the effect of our findings on gene expression has been previously established for *CPT1A* but not for other genes that contain the top differentially methylated CpG sites in this study. Third, because both DNA methylation and adiposity traits are associated with a range of environmental inputs, residual confounding remains a possible explanation for our findings despite covariate adjustment. For example, the third top hit in our BMI analysis is a CpG site in *AHRR*, the methylation status of which was compellingly linked to smoking ([@R38], [@R39]). When we restricted the GOLDN analyses to never smokers (n=703, data not shown), the P-values for *AHRR* increased from 7.5×10^−9^ to 2.2×10^−7^, beyond the threshold for epigenome-wide significance. The same attenuation did not take place for other top hits, namely in *CPT1A* and *CD38*, suggesting that those associations are less likely to be a mere artifact of smoking. Fourth, the CpG sites in *CPT1A, CD38*, and *AHRR* contain known sequence variants (rs78442314, rs77882313, and rs6899226 respectively), which could influence the binding potential of the probe and affect methylation measurements. However, prior genome-wide analyses did not yield evidence of association between any sequence polymorphism and the methylation score at the top *CPT1A* locus ([@R17]). Fifth, the between-cohort differences in statistical methods, especially in normalization approaches, may contribute to non-replication; while that is unlikely to impact our top findings, it may present problems for loci with more modest signals ([@R40]). Finally, the methylation patterns in CD4+ T-cells used in the study may have been altered during the freezing and thawing process and may not generalize to other cell types. The differences between CD4+ T-cells and other cell types present in whole blood samples are particularly relevant as such heterogeneity can confound epigenomic association results, mirroring statistical issues created by population stratification. Despite that concern, we are reassured by successful replication of our top findings in whole blood samples from ARIC and FHS.

On balance, our study highlights the importance of DNA methylation in complex human traits and identifies several candidate regions as promising epigenetic correlates of obesity. Further investigations of these regions will further characterize the heritable components of BMI and WC beyond sequence variants, potentially leading to novel therapeutic and preventative approaches to the challenge posed by the global obesity epidemic.
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**What is already known about this subject** Body mass index (BMI) and waist circumference (WC) are quantitative traits characterized by multifactorial etiology, relevance to disease risk, and high heritability.Known genetic polymorphisms explain only a modest fraction of inherited variation in obesity-related traits.Emerging evidence suggests that epigenetic changes such as DNA methylation are a key influence on obesity.

**What this study adds** We found epigenome-wide significant associations between the methylation status of eight genomic sites and BMI, as well as that of five sites and WC, successfully replicating our top findings in ethnically diverse populations.Top findings were in the genes encoding biologically relevant proteins such as carnitine palmitoyltransferase 1A (CPT1A), phosphoglycerate dehydrogenase, and CD38 molecule.

![Manhattan plot of epigenome-wide results of testing for association between epigenome-wide methylation and body mass index. The X-axes display the chromosome on which the CpG site is located, the Y-axes display --log10(P-value). The red horizontal line indicates the threshold for epigenome-wide statistical significance after a Bonferroni correction.](nihms-641833-f0001){#F1}

![Manhattan plot of epigenome-wide results of testing for association between epigenome-wide methylation and waist circumference. The X-axes display the chromosome on which the CpG site is located, the Y-axes display --log10(P-value). The red horizontal line indicates the threshold for epigenome-wide statistical significance after a Bonferroni correction.](nihms-641833-f0002){#F2}

![ENCODE annotation of the genomic region containing the transcription start site of *CD38*.](nihms-641833-f0003){#F3}

![ENCODE annotation of the genomic region containing the long intergenic non-coding RNA on chromosome 10.](nihms-641833-f0004){#F4}

###### 

Demographic and anthropometric characteristics of the study populations.

                                                GOLDN (n=991)   ARIC (n=2,106)   FHS Case-Control (n=1,935)   FHS Random Sample (n=442)
  --------------------------------------------- --------------- ---------------- ---------------------------- ---------------------------
  Age, years^[a](#TFN1){ref-type="table-fn"}^   49 ± 16         56 ± 6           65 ± 9                       71 ± 8
  Sex, % female                                 52              63               61                           30
  Race, %                                                                                                     
  European American, %                          100             \--              100                          100
  African American, %                           \--             100              \--                          \--
  Current smokers, %                            7               24               9                            6
  Body mass index, kg/m                         28 ± 6          30 ± 6           28 ± 6                       29 ± 5
  Waist circumference, cm                       97 ± 16         101 ± 15         \--                          \--

Values are shown as mean ± SD or %

###### 

Top CpG methylation sites associated with body mass index in GOLDN (n=991), FHS (n=1,935 for batch 1 and 442 for batch 2), and ARIC (n=2,105) at the level of genome-wide significance (P\<1.1×10^−7^) in the discovery phase.

  Marker       Chr   Gene      GOLDN              FHS Case-Control   FHS Random Sample   ARIC          Meta *P*                                                      
  ------------ ----- --------- ------------------ ------------------ ------------------- ------------- ---------------- ------------ ------------------ ------------ -------------
  cg00574958   11    *CPT1A*   −0.0009 ± 0.0001   7.6×10^−11^        −0.04 ± 0.004       2.4×10^−24^   −0.04 ± 0.01     1.2×10^−5^   −0.003 ± 0.0007    7.2×10^−6^   3.5×10^−37^
  cg04332373   4     *CD38*    0.0013 ± 0.0002    1.9×10^−9^         0.01 ± 0.004        0.004         0.002 ± 0.01     0.84         0.003 ± 0.0009     0.0009       3.7×10^−11^
  cg17287155   5     *AHRR*    0.0015 ± 0.0003    7.5×10^−9^         0.005 ± 0.004       0.22          −0.006 ± 0.009   0.50         0.001 ± 0.0008     0.13         2.5×10^−7^
  cg26164488   2     *NA*      0.0012 ± 0.0002    4.9×10^−8^         0.005 ± 0.004       0.19          −0.006 ± 0.009   0.55         0.005 ± 0.002      0.02         2.4×10^−7^
  cg07504977   10    *NA*      0.0011 ± 0.0002    5.0×10^−8^         0.02 ± 0.004        1.9×10^−7^    0.02 ± 0.01      0.04         0.004 ± 0.002      0.03         1.2×10^−13^
  cg14476101   1     *PHGDH*   −0.0015 ± 0.0003   6.6×10^−8^         −0.02 ± 0.004       1.7×10^−8^    −0.03 ± 0.01     0.006        −0.003 ± 0.001     0.05         4.7×10^−15^
  cg26680760   16    *NA*      0.0013 ± 0.0002    7.4×10^−8^         0.008 ± 0.004       0.06          0.008 ± 0.01     0.42         −0.0006 ± 0.0009   0.51         1.7×10^−6^
  cg26140475   8     *NA*      0.001 ± 0.0002     1.0×10^−7^         0.003 ± 0.004       0.41          −0.006 ± 0.009   0.51         0.002 ± 0.001      0.05         1.8×10^−6^

The β symbols in this table denote regression coefficients, not methylation scores

###### 

Top CpG methylation sites associated with waist circumference in GOLDN (n=991) and ARIC (n=2,106) at the level of genome-wide significance (P\<1.1×10^−7^ ) in the discovery phase.

  Marker       Chr   Gene      Discovery (GOLDN)   Replication (ARIC)   Meta *P*                                     
  ------------ ----- --------- ------------------- -------------------- ------------- -------- -------- ------------ -------------
  cg00574958   11    *CPTIA*   −0.0003             0.00005              2.6×10^−10^   −0.004   0.0007   2.1×10^−8^   2.2×10^−16^
  cg04332373   4     *CD38*    0.0005              0.00008              6.2×10^−10^   0.004    0.0009   0.00003      6.1×10^−13^
  cg07504977   10    *NA*      0.0004              0.00007              7.6×10^−9^    0.005    0.002    0.003        5.8×10^−10^
  cg25349939   2     *GTDC1*   0.0005              0.00008              1.6×10^−8^    0.0009   0.0008   0.26         8.4×10^−8^
  cg14476101   1     *PHGDH*   −0.0006             0.0001               1.7×10^−8^    −0.003   0.002    0.06         2.2×10^−8^

[^1]: The authors wish it to be known that, in their opinion, Devin M. Absher and Donna K. Arnett should be regarded as joint senior authors.
